Interaction of ultera-short laser pulses with a dense cold plasma is investigated. Due to high density, of plasma, quantum effects such that Bohm potential and quantum pressure should be considered.
I. INTRODUCTION
Recently, there has been a growing interest in investigating new aspects of dense quantum plasmas [1] . Quantum plasmas have been achieved in nano-scale objects such as nano-wires, quantum dots, quantum wells, and semiconductor devices, as well as in laser plasma interaction [2] and wide interest due to their applications to astrophysical and cosmological environments [3] . Usually, the quantum plasma is characterized by a low-temperature and high-density plasma [4] , when mean inter-particle distance is comparable with the deBorglie thermal wavelength of plasma. Dense quantum plasma could be described by quantum hydrodynmics eqs. [5, 6] and quantum kinetic Eqs., including quantum forces which are associated by Bohm potential [5] and quantum pressure (due to degenerate electrons) which can be derived from Dirac's equation [7] [8] [9] . On the other hand, Jung et.al show that when a laser pulse interacts with a cold dense quantum plasma, new quantum feature appears [10] .
This new quantum feature is magnetization of plasma by photons which can be derived by considering a fiction time-dependent ponderomotive force. Considering this new quantum aspect we obtain an electron density distribution function for a cold isothermal dense quantum plasma illuminated by an ultra-short intense laser pulse. The result reveal that density bunching effects occurs in high laser intensities and for higher amount of quantum parameters. Our results predict plasma expansion due to quantum effects. This paper is organized in four sections. In section 2, we have explained the models of interaction of laser pulse with isothermal plasma. The basic equations and fundamental assumptions are given for this model. In section 3, the profiles of the electric field and variation of electron density are derived. Finally, section 4 is devoted to conclusion.
II. MODEL DESCRIPTION
In this section we are going to analyze propagation of an intense laser pulse through underdense collosionless quantum plasma in the non-relativistic regime. The temperature of electrons is held constant during the evolution. In this model, we consider a linearly xpolarized Gaussian laser pulse with time duration, τ , propagation in +z direction in vacuum.
The electron field of laser is written as:
where ω is central angular frequency of the pulse. The z > 0 region is taken to be filled with a homogeneous density profile of plasma with a plasma-vacuum interface placed at z=0. The electromagnetic incident the plasma region normally. Propagation of laser light in quantum plasma is governed by Maxwell's equations:
Here, − → J = −n e e − → ϑ e is the electron current density. By taking into account Eqs. (2-5), and defining function Ω(t) = ω + 2t iτ 2 , for further simplicity we have:
Where, E x , B y and ϑ x are the component of electric field in x-direction, the component of magnetic field in y-direction and electron velocity in x-direction. Differentiating Eq. (6) with respect to z and substituting it into Eq. (7), we obtain a reduced (Helmholtz) differential equation for electric field in plasma:
On the other hand the electron's equation of motion in collisionless quantum plasma can be expressed as [11] :
where, m e and P e = n e T e are electron mass and pressure of electron respectively. φ = eE 2 x meω 2 is the average ponderomotive potential defined by the laser pulse envelope, with its corresponding ponderomotive force:
Moreover, P q is quantum pressure including Bohm potential and pressure resulted from electron degeneracy. Electron degeneracy pressure stems to Heisenberg's uncertainty relation. Uncertainty of position and momentum implies that electron momentum is ill-defined and hence electron continuesly move around its occupied position. This phenomenon exerts pressure on surrounding medium which called electron degeneracy pressure. According to [12, 13] we can write:
where n e = n (0) e + n (1) , here − → ϑ F is Fermi's velocity. In the following the motion in different direction can be written in the 1 ST order approximation as:
Where B 0 and n 0e are refereed to external magnetic field (which is considered in the direction of laser field) and the maximum electron density respectively. By using Eqs. (8-12) we have:
And hence:
This equation shows that the electron density distribution depends on the laser electric field
x , laser magnetic field B y and external magnetic field B 0 . When the electric and magnetic fields are zero in the Eq. (14), n e represents the maximum electron density as we expected.
Also we defined Ω q as:
The quantum mechanical effects are encapsulated in the last two terms of this equation. In the classical limit ( → 0) the results of non-quantum plasma is achieved [14] . On the other hand, non-magnetized plasma (B 0 = 0), Eq. (14) turned to:
The results is in agreement with the results of ref [15] for non-magnetized case in the absence of quantum effects. In literature of this field, it is convent to start from P e = n e T e and − → f P = − → ∇P e , to extract the electron density n e [16, 17] . Reversing this procedure and starting from n e from Eq. (15), and P total = P e + P q we can write:
for quantum plasma. Is this Eq. (16) includes all important quantum effects? The answer is actually No! For example, the quantum mechanic predict an induced magnetic field due to considering quantum feature of plasma dielectric constant. Such induced magnetic fields are introduced in [10] . In this paper, firstly we show that this purely quantum mechanical induced magnetic field can be derived by considering a fiction time-dependent pondromotive force. In the following we try to associate a electron density function to the plasma which describes the interaction of laser with quantum plasma.
This ponderomotive force relates to the electron density n e via ω p , this fact increases complexity of calculation. In order to overcome to this problem we replace ω p by ω p0 in the last equation. Considering this new type of ponderomotive force modifies Eqs. (13) and (16) as follow:
For unmagnetized quantum plasma (B 0 = 0), and for Gaussian laser pulse this equation leads to the following formula:
Where
are dimensionless variables. Starting from Eq. (1) for a exponentially descending field i.e.
E(z) = E 0 e −αz (α > 0), (α is absorption coefficient of the medium with the dimension of L −1 ), we have − → E =xE 0 e −iβZ e −iΩ(t)t , where β = −iα + k z is complex-valued wave number.
Hence,
By considering Eq. (8) and (22) dielectric constant of quantum plasma is derived as:
and ultimately Eqs. (8) and (22) yield governing differential equation of propagation as:
Starting from Eq. (22) and by some algebra we can write:
Where W = . The quantum effect is encapsulated in W so we call W as quantum factor.
III. RESULTS
Due to nonlinearity of governing Eq. (25), analytical trace of calculation is impossible.
The results of numerical solution of Eq. (25) is illustrated in Fig. (1-4) . In these figures we focus on the variation of electron density through the plasma. . These parameters are not independent (see definition of W), so changing one parameters affect the value of others.
All of the figures, show that electrons accumulate in some region and hence some regions deplete from free electrons. The loci of these regions and their electron number can be altered by introducing quantum effects. This phenomenon intensively affects the transport process of the plasma (such as electrical conductivity and thermal conductivity). Figure (1) depicts that electron density function oscillates through the plasma in the direction of laser laser intensity. In this regime departure from classical plasma is not considerable. Increasing the intensity of laser light reveal quantum effects. Figures (3) and (4) show this fact. Further
